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Future Imaging Systems with Low SWaP

Key to Affordability - Low SWaP

Orders of Magnitude SWaP Reduction Achievable

Example: MRO HIRISE Estimate Estimate

0.5 m aperture 0.5m x 0.5 m 0.75m x 0.1 m Estimate

0.7m x 1.4m 0.25m x 0.01'm
64.2 kg ~ 0.6kg

SPIDER Ring Blade SPIDER Radial Blade SPIDER Single
Design: Outerring  Design: Full sensor Chip Design
enhances resolution replaces conventional

Telescope and of conventional telescope y
focal plane telescope LOCKHEED MART'N}//

Link to review article on emerging large scale silicon photonics / CMOS integration for optcal system applicatuons
http://www.osa-opn.org/homef/articles/volume 24/september 2013/features/the road to affordable, large-scale silicon photon/ 657-49

Conventional

SPIDER: segmented planar imaging detector for electro-optical reconnaissance Earth Sclencé Technology Office
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Interferometric Imaging

&

< B > Interferomic Telescopes
%i @ « Light source at infinity at oo =0
OPD=0B  Intensity pattern ~ 1+cos
o as a function of ¢,
E > period length: A/B

1st Min: OPD =/2 = o

= M2B) . OPD > coherence length

= fringes disappear

Light source at angle o,

(First and last picture of a movie) Aez_

Figure Courtesy of Andreas

Glindemann 557-’0
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SPIDER: segmented planar imaging detector for
electro-optical reconnaissance

Interferometer Tube Assy Array

&

¢ Obj eCtiveS é;l per row
rows
= Planar “flat panel” telescope with NO large
optics

= Large field of view with NO precision
gimbals for line of sight steering

« Concept Description

= Lightinput by large area lenslet array
“wired” into interferometer channels using  Outer Align
) . . Cylinder
nanophotonics (leverages commercial high
density optical interconnect 3D computer

chip technology) .
_ _ Silicon Cards
= Scalable to larger apertures using fiber (37)
coupling of multiple interferometer chips

Array Plate

Linear arrays of
lenslets arranged
In spoke-like
pattern to fill U,v
(Fourier) imaging
plane

LOCKHEED MARTIN /

Back Plate 7
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SPIDER with PICs

#0f Lenslets (a) ( Silica or SiN PIC (b) Gapless
150 , DEMUX AWG
144 Sso** Optical Hybrids BPDs ADCs
S+ R WAWAW
1(3)3 I Light from Lensiet +' . 24 1x2 A2 1 S ;-» 1,1 T
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Light from Lenslet -N

1=2| '2x2]__¥->
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Lenslet Array Waveguide | m
*150 lenses

*1mm diameter

*f/10

[Digital Signal Procmlng]

"Experimental demonstration of interferometric imaging using photonic
integrated circuits", Tiehui Su, Ryan P. Scott, Chad Ogden, Samuel T.
Thurman, Richard L. Kendrick, Alan Duncan, Runxiang Yu, and S. J. B.
Yoo, Optics Express, 2017.

"Photonic integrated circuit-based imaging system for SPIDER", Katherine Badham, Richard L.
Kendrick, Danielle Wuchenich, Chad Ogden, Guy Chriqui, Alan Duncan, Samuel T. Thurman, S

Waveguides Slngle field point, B. Yoo, Tiehui Su, Weid}eng La{i, Jaeyi Cl;un, Siwei Li, Guangyao Liu, OSA Conference on Lasers
. and Electro Optics Pacific Rim (CLEO-PR), 2017.
*10 Hm channels SIngIe wavelength "Progress on Developing a Computational Imager Using Integrated Photonics", Samuel

Thurman, Alan Duncan, Richard Kendrick, Chad Ogden, Danielle Wuchenich, Tiehui Su, Shibn,
Pathak, Wei-Cheng Lai, Mathias Prost, Roberto Proietti, Ryan Scott, S. J. Ben Yoo , 2016 SIAM
Conference on Imaging Science, 2016.

"SPIDER: Next Generation Chip Scale Imaging Sensor Update", Duncan, A.; Kendrick, R.; Ogde
C.; Wuchenich, D.; Thurman, S.; Su, T; Lai, W.; Chun, J.; Li, S.; Liu, G.; Yoo, S. J. B., Proceedings
Advanced Maui Optical and Space Surveillance Technologies Conference, 2016
"Demonstration of a Photonic Integrated Circuit for Multi-baseline Interferometric Imaging",
Ryan P. Scott, Tiehui Su, Chad Ogden, Samuel T. Thurman, Richard L. Kendrick, Alan Duncan,
Runxiang Yu, and S. J. B. Yoo, IEEE Photonics Conference (IPC) (Postdeadline), October 2014.
"Elat Panel Space Based Space Surveillance Sensor", Richard L. Kendrick, Alan Duncan, Chad
Ogden, Joe Wilm, David M. Stubbs, Samuel T. Thurman, Tiehui Su, Ryan P. Scott, and S. J. B. Y
, Advanced Maui Optical and Space Surveillance Technologies (AMOS) Conference , Septembe

Spectrally Resolved High Resolution
Interferometric Telescope

Phase & Amplitude

*24 x 24 per lens

& Balanced four-quadrature receiver
BPDs

90° optical hybrid

75>

ESTO
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5 Waveguide

Inputs for

Each Lenslet

+2

+1

0,

5 mm

20 mm

15t Gen SPIDER PIC (10-Spatial-Channel x 3 Spectral Band)

60 Outputs

From Lenslet +2 Demux

Phase Shifters‘

2%2

q

l——t:l—\_/

To

Demux

Matched

Pathlengths

00
Linear Detector Array

From Lenslet -2

q
"

Developed under
NASA NIAC
Phase | & I
DARPATTO
SeeMe
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15t Gen SPIDER PIC (10-Spatial-Channel x 3 Spectral Band)

er#1: waveguide
Layer#2: heater
Layer#3: electrode
Layer#4. trench
- Layer#11: wavegui

n { SEEME FAEI DEVI

ESTO

€Earth Science Technelogy Office
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1st Gen SPIDER PIC

Linear
| Detector
Array

PIC

Lenslets

DARPA
funded
work

ESTO

€Earth Science Technelogy Office
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2"d Gen SPIDER Concept Design — Interferometry

Lenslets couple Interferometric Output waveguides
2D Interferometer Array light into PIC - beam combination | = | with fringe information
37 Blade waveguides on PIC imaged onto detector
SPIDER
concept . . .
Planar Photonic Integrated Circuit (PIC)
Coherence function
.\l estimate from fringe
>_ intensity data
0 O
e £ B
Scene oo -
o O >_ | Image reconstruction
c o Observe interference of
light collected for each
---H- @ baseline and spectral
\ — channel
Lenslets couple \ \
light into 2x2 Beam Arrayed Waveguide Grating (AWG)
N Waveguides Combiner  disperses light among narrowband
S —— Electrodes for adjusting spectral channels

interferometer OPD
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2"d Gen SPIDER Photonic Integrated Circuit Design
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2X2 Beam

Combiners

L

Input

Output
Waveguides

2"d Gen SPIDER PIC (12 baseline, 18 spectral bin)
fabricated w/ CMOS Compatible Process @ UC Davis

Photograph
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Multilayer 150nm/50nm/150nm Si;N, PIC

&

nd i
Low propagation loss Output Port 1 0.60 —————
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On-Chip Spectrometers: Arrayed Waveguide Gratings
AN

/ 0 Q‘
GO0
(e (“o‘l'o‘iv) )

16 ch X100 GHz AWG

Freguency {THz)
194,55 193,95 193,45

Insertion loss: 1.7 dB
Crosstalk: -21 dB

Interferometric Imaging with UCDAV'S
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ﬁ Wafer-scale fabrication of 2NP Gen SPIDER PIC

150 mm wafer-scale fabrication 22 mmx 22 mm die
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High-Resolution 2NP Gen SPIDER PIC
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SPIDER Imaging Simulation Example

Simulation Parameters

Imaging Object
Parameter Value
Waveband A =0.5-0.9 um
Object distance R =60 km
Longest baseline Binax= 120 mm

Lenslet diameter Dienslet = 5 Mm

Lenslets per PIC Card 14

PIC cards 37

Number of spectral channels K =10 (AA =40 nm)
Detector quantum efficiency n = 0.7 e/photon
Detector read noise op=8¢e
Integration time r=1sec

Spatial Domain Sampling
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Simulation Result

Fourier Amplitude

10

NEXT GENERATION
NETWORKING SYSTEMS

LABORATORY

10

—
~

SPIDER simulation Result

Panchromatic Imager simulation Result

: (a) 10° o 3.3 cycles/m
es/m T 1
\.~~ I
2 : S
i X 10" g 1
5= . 1
1 = ~
=) s |
- -~
2 10 S
2 = X
2 B
2 1,
= 10} —= Signal (I §
2 P .
. N e Noise | .
=— Signal = —— Signal+Noise 1 3
g N.msc = R MTF I !
4| =—=— Signal+Noise & . a A
o > > « >-—a .
| H
I }
1 0 1 2 3 4
0 1 2 3 4

. . Spatial Frequency [cycles/m|
Spatial FFrequency [cycles/m]

Interferometric Imaging with
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Experimental Results for USAF Bar Target
« Computer simulation of experiment

Object Expected Image

~_Sparse Fourier sampling artifacts

é (polar sampling is A6 = 10 deg)
£
%
-1 0 1 -1 0 1
» Experimental results
Initial Image Corrected Image

Image is blurred due to wobble in
4 the testbed object rotation stage

this causes phase errors .
( g ) Provided by

_ _ 0 Lockheed Martin
Apply linear phase corrections __»
(for each 6) by comparing with

simulated data from above

millimeters

1

%> UCDAVIS
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Next Steps for 2" Gen SPIDER PIIT

Interferometer Tube AgsyaArgaly g
14 per row | |i” L
37 rows

)
iy N | od? '
llllllllllllll
SRR
,,,,,,,,,,,

..........

.........
qat it iantis Mg E i,

Array Plate

Outer Align
Cylinder

37)

Back Plate

Courtesy of Lockheed

Systems Integration with ~37 SPIDER PICs into SPIDER PIIT
(Photonic Integrated Interferometric Telescope) CSTO
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3'd Generation SPIDER PIIT ?

3D Photonic-Electronic-Integrated Circuits

},
\.‘_‘ Vertica Vi

(b} (©)
Photo and SEM view o} U-shape coupler: (a)

Photograph of 3D PIC (b) 45° tiled view SEM pictures of
an etched 45° reflector. (b), (c) SEM of 45° Reflector.

89% power emit upward,
0.5 dB loss

E5TO

€arth Science Technelogy Office
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Summary

Design, Simulations, and Demonstration of SPIDER PIIT
Multi-Layer CMOS Compatible SPIDER PICs with 18 spectral
bin 12 baseline interferometers consisting of

* [nterlayer coupler with various splitting ratios and low loss

* Dual arm AWG interferometric operation

= MMI for interferometric imaging.

Reduction of Size, Weight, Power by 100x-1000x

Concept Scalable to Very Large-Scale Astronomical
Observatories

Possibility of Transition to Commercial Systems

Future generations of SPIDER PICs in concept developments
iInvolving 3D Electronic-Photonic-Integrated Circuits

Interferometric Imaging with
Photonic Integrated Circuits

6/19/2018





